Determinations of stable carbon isotope ratios (δ 13 C) of total carbon (TC) and nitrogen 12 isotope ratios (δ 15 N) of total nitrogen (TN) were carried out for fine aerosol particles (PM1) collected 13 on a daily basis at a rural background site in Košetice (Central Europe) between 27 September 2013 14 and 9 August 2014 (n=146). We found a seasonal pattern for both δ 13 C and δ 15 N. The seasonal variation 15 in δ 15 N was more pronounced, with 15 N-depleted values (av. 13.1±4.5‰) in winter and 15 N-enriched 16 values (25.0±1.6‰) in summer. Autumn and spring are transition periods when the isotopic 17 composition gradually changed due to different sources and the ambient temperature. The seasonal 18 variation in δ 13 C was less pronounced but more depleted in 13 C in summer (-27.8±0.4‰) compared to 19 winter (-26.7±0.5‰). 20
ambient temperature). A comparison of δ 15 N with NO3 -, NH4 + and organic nitrogen (OrgN) revealed 23 that although a higher content of NO3was associated with a decrease in δ 15 N values in TN, NH4 + and 24
OrgN had the opposite influences. The highest concentrations of nitrate, mainly represented by NH4NO3, 25 originated from the emissions from biomass burning, leading to lower δ 15 N values of approximately 26 14‰ in winter. During spring, the percentage of NO3in PM1 decreased, and 15 N enrichment was 27 probably driven by equilibrium exchange between the gas and aerosol phases (NH3(g) ↔ NH4 + (p)) as 28 supported by the increased ambient temperature. This equilibrium was suppressed in early summer 29 when the NH4 + /SO4 2molar ratios reached 2, and nitrate partitioning in aerosol was negligible. During 30 summer, kinetic reactions probably were the primary processes as opposed to gas-aerosol equilibrium 31 on a nitrogen level. However, summertime δ 15 N values were some of the highest observed, probably 32 suggesting the aging of ammonium sulfate and OrgN aerosols. Such aged aerosols can be coated by 33 organics in which 13 C enrichment takes place by photooxidation process. This result was supported by 34 the positive correlation of δ 13 C with temperature and ozone, as observed in the summer season. These δ 13 C and δ 15 N studies show the potential of these isotopes to characterize aerosol types and the 85 chemical processes that take place in them. To broaden this isotope approach over the European 86 continent, we present seasonal variations in δ 13 C of total carbon (TC) and δ 15 N of total nitrogen (TN) 87 in the PM1 fraction of atmospheric aerosols at a rural background site in Central Europe. To the best of 88 our knowledge, this is the first seasonal study of these isotopes in this location, and it is one of the most 89 comprehensive isotope studies of a fine fraction of aerosols. The Košetice observatory is the specialized workplace of the Czech Hydrometeorological Institute 95 (CHMI), which is focused on monitoring the quality of the environment (Váňa and Dvorská, 2014) . 96
The site is located in the Czech Highlands (49°34'24.13" N, 15°4'49.67" E, 534 m ASL) and is 97 surrounded by an agricultural landscape and forests, out of range of major sources of pollution with a 98 very low frequency of traffic. The observatory is officially classified as a Central European rural 99 background site, which is part of the EMEP, ACTRIS, and GAW networks. A characterization of the 100 station in terms of the chemical composition of fine aerosols during different seasons and air masses is 101 presented by Schwarz et al. (2016) and longtime trends by Mbengue et al. (2018) and Pokorná et al. 102 (2018) . As part of a monitoring network operated by the CHMI, the site is equipped with an automated 103 monitoring system that provides meteorological data (wind speed and direction, relative humidity, 104 temperature, pressure, and solar radiation) and the concentrations of gaseous pollutants (SO2, CO, NO, 105 NO2, NOx and O3). 106 107 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-604 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 September 2018 c Author(s) 2018. CC BY 4.0 License.
Ion chromatography 144 145
Quartz filters were further analyzed by using a Dionex ICS-5000 (Thermo Scientific, USA) ion 146 chromatograph (IC). The samples were extracted using ultrapure water with conductivity below 0.08 147 µS/m (Ultrapur, Watrex Ltd., Czech Rep.) for 0.5 h using an ultrasonic bath and 1 h using a shaker. The 148 solution was filtered through a Millipore syringe filter with 0.22-µm porosity. The filtered extracts were 149 then analyzed for both anions (SO4 2-, NO3 -, Cl -, NO2and oxalate) and cations (Na + , NH4 + , K + , Ca 2+ and 150 Mg 2+ ) in parallel. The anions were analyzed using an anion self-regenerating suppressor (ASRS 300) 151
and an IonPac AS11-HC (2 x 250 mm) analytical column and detected with a Dionex conductivity 152 detector. For cations, a cation self-regenerating suppressor (CSRS ULTRA II) and an IonPac CS18 (2 153 m x 250 mm) analytical column were used together with a Dionex conductivity detector. The separation 154 of anions was conducted using 25 mM KOH as an eluent at a flow rate of 0.38 ml/min, and the 155 separation of cations was conducted using 25 mM methanesulfonic acid at 0.25 ml/min. 156
157
The sum of nitrate and ammonium nitrogen was in good agreement with measured TN ( Fig. S1 in 158
Supplementary Information (SI)), and based on the results of TN, NO3and NH4 + , organic nitrogen 159 (OrgN) was also calculated using following equation ( between TC and TN is significant (r=0.70), but during higher concentration events, this dependence 203 can be split due to the different origins of these components. The highest correlations between TC and 204 TN were obtained during transition periods in autumn (0.85) and spring (0.80). Correlations between 205 TC and TN in winter (0.43) and in summer (0.37) were weaker but still statistically significant (p<0.05). 206
Results and discussion
As seen in the TC/TN ratios (Table 1) Table 1 ), the NO3content is seasonally dependent -higher in winter, similarly balanced in spring 236 and autumn, and very low in summer, when the dissociation of NH4NO3 plays an important role, and 237 its nitrogen is partitioned from the aerosol phase to the gas phase (Stelson et al., 1979) . reasons. First, the works mentioned above mainly studied total suspended particles (TSP) aerosols; 274 however, we focus on the fine PM1 fraction, which should be more reactive than the coarse fraction 275 and consequently result in a higher abundance of 15 N during the gas/particle portioning of NH3 and 276 NH4 + . Second, the fine aerosol fraction of the Aitken mode persists for a longer period of time in the 277 atmosphere than the coarse fraction, which is also a factor leading to higher 15 N enrichment. Indeed, 278 of enrichment or depletion of 15 N, which is associated with removal or loading of NO3in aerosols. 310
These curves represent two opposite chemical processes, with a match at approximately 14‰, which 311 showed a strong logarithmic correlation (r=0.96 during winter Event, green line, and -0.81 for the rest 312 of points, black line, Fig. S3 ). These results indicate a significant and different mechanism by which 313 nitrogen isotopic fractionation occurs in aerosols. In both cases, the decrease in nitrate leads to 314 exponential changes in the enrichment or depletion of 15 N from a value of approximately 14‰. In the 315 case of enrichment, in addition to a higher proportion of NH4 + than NO3 -, the dissociation process of 316 NH4NO3 can cause an increase in 15 N in TN during a period of higher ambient temperatures, as 317 (Table 1) . 334 335
3.2.
Total carbon and its δ 13 C 336 337
The δ 13 C of TC ranged between -25.4‰ and -28.9‰ (Fig. 6) , which is similar but broader than the to other European sites. The δ 13 C values are significantly smaller than those of δ 15 N due to a higher 349 number of carbonaceous compounds in the aerosol mixture whose isotope ratio overlaps each other. 350
However, it is possible to distinguish lower δ 13 C values in summer (Table 1) (India), where NH4 + strongly prevailed. They found the best correlation between δ 15 N and temperature 400 during the colder period (range 18.4-24.5°C, avg. 21.2°C); however, during warmer periods, this 401 dependence was weakened. In our study, we observed the highest correlation of δ 15 N with temperature 402 in autumn (r=0.58, temp. range -1.9 to 13.9°C, avg. 6.6°C), followed by spring (r=0.52, temp. range 403 1.5-18.7°C, avg. 9.3°C), but there was even a negative but insignificant correlation in summer (r=-0.21, (NH4)2SO4 that is enriched by 15 N due to aging. Figure 8 shows a decreasing molar ratio of NH4 + /SO4 2-413 with increasing 15 N enrichment, especially during spring, indicating a gradual uptake of ammonia in the 414 gas phase to aerosol phase. With a decreasing NH4 + /SO4 2molar ratio, there is also a visible decrease in 415 the nitrate content in aerosols ( Fig. 8 ). However, when the NH4 + /SO4 2ratio approaches a value below 416 2, there is not enough available ammonia in the gas phase, leading to the exclusion of nitrate from the 417 aerosol phase, as well as to the disruption of the thermodynamic equilibrium between NH3(g) ↔ 418 NH4 + (p), which previously led to 15 N enrichment in the particles. In this context, we note that 25 out of 419 33 summer samples have molar NH4 + /SO4 2ratios below 2, and the remaining samples are 420 approximately 2, although the average relative abundance of NO3in PM1 in those samples is very low 421 processes that can indirectly lead to carbon isotope enrichment. This result is also supported by the fact 437 that the content of oxalate in PM1, measured by IC, was twice as high in spring and summer than in 438 winter and autumn. The influence of temperature on δ 13 C in winter is opposite to that in the summer. 439
The winter negative correlation (-0.35) probably points to the evolution of more fresh emissions from 440 domestic heating with higher contents of 13 C during lower temperatures. 441
442
The whole year temperature dependence on δ 13 C is the opposite of that observed for δ 15 N (Fig. 7, left) , 443
suggesting more 13 C-depleted products in summer. This result is probably connected with different 444 carbonaceous aerosols during winter (anthropogenic emissions from coal, wood and biomass burning 445 with the enrichment of 13 C) in comparison with the summer season (primary biogenic and secondary 446 organic aerosols with lower δ 13 C). The data of δ 13 C in Fig. 7 are also more scattered, which indicates 447 that in the case of carbon, the isotopic composition depends more on sources than on temperature. 448
449
Correlations of δ 13 C with OC are significant in all seasons; they are strongest in spring and weakest in 450 summer ( Table 3) . Correlations of δ 13 C with EC, whose main source is combustion processes from 451 domestic heating and transportation, are significant (r=0.61-0.88) only during the heating season 452 (autumn-spring, see Table 3 ), while in summer, the correlation is statistically insignificant (0.28). Thus, 453 the isotopic composition of aerosol carbon at the Košetice station is not significantly influenced by EC 454 emitted from transportation, otherwise the year-round correlation between δ 13 C and EC would also be 455 significant in summer. This result is consistent with positive correlations between δ 13 C and gaseous 456 NO2, as well as particulate nitrate, which is also significant from autumn to spring, and this result is 457 also supported by the negative correlation of δ 13 C with the EC/TC ratio (r=-0.51), which is significant 458 only in summer. 459
460
It should be mentioned that the wind directions during the campaign were similar, with the exception 461 of the winter season, when southeast (SE) winds prevailed (see Fig. S4 in SI). We did not observe any 462 specific dependence of isotopic values on wind directions, except for the Event. 
3.4.
Winter Event 467 468
The winter Event represents a period between January 23 and February 5, 2014, when enrichment of 469 13 C and substantial depletion of 15 N occurred in PM1 (see Figs. 1 and 9 for details). We do not observe 470 any trends of the isotopic compositions of δ 15 N and δ 13 C with wind directions, except for the period of 471 the Event and one single measurement on 18 th December 2013. Both the Event and the single 472 measurement are connected to SE winds through Vienna and the Balkan Peninsula (Fig. 10 ). More 473 elevated wind speeds with very stable SE winds are observed on the site with samples showing the most 474 15 N depleted values at the end of the Event (Fig. 9 ). Stable weather conditions and the homogeneity of 475
the results indicate a local or regional source, which is probably associated with emissions of sulfates 476 In contrast, we find that most δ 15 N values with a depletion of 15 N are associated with enhanced NH4 + 488 contents (70-80 %) and the almost total absence of NO3nitrogen (see Figs. 3 and 4) . Although some 489 content of OrgN is detected during the Event (Fig. 3) , the correlation between δ 15 N and OrgN/TN is not 490 significant ( Table 2 ). This result shows that nitrogen with the lowest δ 15 N values is mainly connected 491 with NH4 + , which is supported by a strong negative correlation between δ 15 N and NH4 + /TN (-0.86). 492
Assuming that nitrogen in particles mainly originates from gaseous nitrogen precursors via gas-to-493 particle conversion (e.g., Wang et al., 2017) during the Event, we should expect the nitrogen to originate 494 mainly from NH3 with depleted 15 N but not nitrogen oxides. Agricultural emissions from both fertilizer the NH4 + particles that were simultaneously sampled were also isotopically lighter compared to the 505 samples collected under higher temperature conditions. They interpreted this result as the preferential 506 dry deposition of heavier isotopic 15 NH3 species during the cold period, whereas the remaining lighter 507 14 NH3 species in the atmosphere, lead to lighter NH4 + in particles. Moreover, the removal of NH3 by 508 dry deposition also leads to a non-equilibrium state between the gas and aerosol phases. Such an absence 509 of equilibrium exchange of NH3 between the gas and liquid/solid phases is supported by a NH4 + /SO4 2-510 molar ratio below 2 for the three most 15 N depleted samples (Fig. 8) . In such conditions, nitrate 511 partitioning in PM is negligible, and unidirectional reactions of lighter NH3 isotope with H2SO4 in the 512 atmosphere are strongly preferred due to the kinetic isotope effect, which is (after several minutes) 513 followed by enrichment of the nitrogen due to the newly established equilibrium (Heaton et al., 1997) . 
Summary and Conclusions

541
Based on the analysis of year-round data of stable carbon and nitrogen isotopes, we extracted some 542 important information on the processes taking place in fine aerosols during different seasons at the 543 Central European station of Košetice. Seasonal variations were observed for δ 13 C and δ 15 N, as well as 544
for TC and TN. The supporting data (i.e., ions, EC/OC, meteorology, trace gases) revealed characteristic 545 processes that led to changes in the isotopic compositions on the site. 546
The main and gradual changes in nitrogen isotopic composition occurred in spring. During early spring, 547 domestic heating with wood stoves is still common, with high nitrate concentrations in aerosols, which 548 decreased toward the end of spring. Additionally, temperature slowly increases, and the overall situation 549 leads to thermodynamic equilibrium exchange between gas (NOx3-NH3-SO2 mixture) and aerosol (NO3 -550 -NH4 + -SO4 2mixture) phases, which causes 15 N enrichment in aerosols. Enrichment of 15 N (Δδ 15 N) 551 from the beginning to the end of spring was approximately +10‰. Gradual springtime changes in 552 isotopic composition were also observed for δ 13 C, but the depletion was small, and Δδ 13 C was only -553
1.4‰. 554
In summer, we observed the lowest concentrations of TC and TN; however, there was an enhanced 555 enrichment of 15 N, which was probably caused by the aging of nitrogen aerosols, where ammonium 556 sulfate is subjected to isotopic fractionation via equilibrium exchange between NH3(g) and NH4 + (p). 557
Based on a NH4 + /SO4 2molar ratio of less than 2, we concluded that summer aerosols become more 558 acidic, and thus, kinetic isotopic fractionation took place via the equilibrium exchange of nitrogen 559 species. However, summer values of δ 15 N were still among the highest compared with those in previous 560 studies, which can be explained by several factors. First, a fine aerosol fraction (PM1) is more reactive, 561 and its residence time in the atmosphere is longer than coarse mode, leading to 15 N enrichment in aged 562 aerosols. Second, summer aerosols, compared to other seasons, contain a negligible amount of nitrate, 563 contributing to a decrease in the average value of δ 15 N of TN. On the other hand, we observed an 564 enrichment of 13 C only in summer, which can be explained by the photooxidation processes of organics 565 and is supported by the positive correlation of δ 13 C with temperature and ozone. Despite this slow 566 enrichment process, summertime δ 13 C values were the lowest compared to those in other seasons and 567 referred predominantly to organic aerosols of biogenic origin. The role of organics in summer may also 568 have an effect on the aforementioned 15 N enrichment due to thermodynamic equilibrium. 569
In winter, we found the highest concentrations of TC and TN. Lower winter δ 15 N values were apparently 570 influenced by fresh aerosols from combustion, which were strongly driven by the amount of nitrates 571 (mainly NH4NO3 in PM1), and led to an average winter value of δ 15 N approximately 14‰. Winter δ 13 C 572 values were more enriched than summer values, and they were connected mainly to emissions from 573 coal and (mostly) biomass burning for domestic heating. 574
We observed an aerosol event in winter, which was characterized by temperatures below the freezing 575 point, stable southeast winds, and a unique isotope signature with a depletion of 15 N and enrichment of 576 (with heavier isotope) during cold weather, and with decreasing concentrations of NO3 -. However, it 578 was completely opposite to a summertime decrease in nitrate, which led to an enrichment of 15 N. In the 579 case of the most depleted 15 N event, nitrate was suppressed to partition in aerosol and gas phases with 580 unidirectional reactions of isotopically light ammonia and sulfuric acid resulting in (NH4)2SO4, which 581 originated mainly from agriculture emissions in this case. 582
The majority the yearly data showed a strong correlation between δ 15 N and ambient temperature, 583 demonstrating an enrichment of 15 N via isotopic equilibrium exchange between the gas and particulate 584 phases. This process seemed to be one of the main mechanisms for 15 N enrichment at the Košetice site, 585 especially during spring. The most 15 N-enriched summer and most 15 N-depleted winter samples were 586 limited by the partitioning of nitrate in aerosols and suppressed equilibrium exchange between gaseous 587
NH3 and aerosol NH4 + . 588
This study revealed a picture of the seasonal cycle of δ 15 N in aerosol TN at the Košetice site. In the case 589 of carbon, the seasonal cycle of δ 13 C values was not so pronounced because they mainly depend on the 590 isotopic composition of primary sources, which often overlapped, and because secondary reactions 591 were influenced by the kinetic isotopic effect, while phase transfer probably did not play a crucial role. 
